A diketo-pyrrolo-pyrrole (DPP) oligomer containing three DPP cores (Ph 4 Th 4 (DPP) 3 ) was synthesized via direct arylation of C-H bonds (DACH). Ph 4 Th 4 (DPP) 3 has good solubility in many organic solvents, and shows a broad absorption band from the visible to near-infrared region as well as a field-effect hole mobility as high as 0.006 cm 2 V −1 s −1 . Solution-processed bulk heterojunction organic solar cells based on blends of Ph 4 Th 4 (DPP) 3 as electron donor and fullerene derivative as electron acceptor were fabricated. An optimized power conversion efficiency of 3.76% with a high open-circuit voltage of 0.85 V was achieved after finely tuning the morphology by changing the blend ratio and by adding additives. These results indicate that DACH is an effective way to produce π -conjugated oligomers for organic solar cells.
Introduction
Solution-processed organic solar cells (OSCs) based on soluble conjugated polymers or small molecules have been intensively studied in both academia and industry due to their flexibility and low-cost merits [1] [2] [3] [4] [5] [6] [7] [8] . The diketo-pyrrolopyrrole (DPP) core is widely explored for optoelectronic applications because of its unique π -conjugated system as well as its exceptional stability [9] [10] [11] . Specifically, DPP functions as an excellent electron-withdrawing unit in low-bandgap donor-acceptor copolymers for polymer solar cells [12] [13] [14] [15] [16] [17] [18] and field-effect transistors (FETs) [18] [19] [20] [21] [22] [23] . In addition to polymers, the DPP-based small molecules have also been widely used for bulk heterojunction (BHJ) OSCs [24-32, 14, 33] , FETs [34] and dye-sensitized 4 These authors contributed equally to this work. solar cells [35] . Usually, DPP-based functional molecules for optoelectronic applications are synthesized via Suzuki, Stille, or Negishi cross-coupling reactions that involve the preparation of organo-boron, organo-tin, and organo-zinc precursor reagents respectively [24] [25] [26] [27] [28] [29] [30] [31] 36] . Very recently, Marder's group and our own have independently developed a new synthetic approach, namely direct arylation of C-H bonds (DACH), for the synthesis of DPP derivatives [37, 38] . The DACH reaction has advantages over traditional crosscoupling reactions in terms of avoiding organometallic precursor reagents, higher atom economy, fewer synthetic steps, higher yields, better compatibility with functional groups, and a simpler catalytic system free of phosphine ligands. Although the DACH reaction has emerged as a novel approach for accessing π -conjugated polymers [39] [40] [41] [42] [43] [44] and small molecules during the past three years, DACH-derived functional materials for optoelectronic applications are rarely reported [41] [42] [43] [44] .
In this work, DACH-derived DPP-based oligomers were first investigated for OSC applications using a DPP-based oligomer possessing three DPP cores (Ph 4 Th 4 (DPP) 3 ) (scheme 1) [37] . We anticipated that the strong inter-and intra-molecular donor-acceptor interactions between DPP units should improve the optical and electronic properties of the DPP-based oligomers. Solution-processed OCSs based on blends of Ph 4 Th 4 (DPP) 3 and [6, 6] -phenyl-C 71 -butyric acid methyl ester (PC 71 BM) demonstrate a power conversion efficiency (PCE) of 3.76% with a high open-circuit voltage (V oc ) of 0.85 V, indicating DACH is an effective way to produce π -conjugated oligomers for OSCs.
Experimental section

Materials
All starting organic compounds for synthesis were purchased from Aldrich, Alfa Aesar, or TCI and used without further purification. The solvent dimethyl acetamide (DMA) is anhydrous. Aqueous poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) dispersions (Baytron P AI4083) were purchased from Shanghai Jingnian Chemical Co., Ltd [6, 6] -Phenyl-C 61 -butyric acid methyl ester (PC 61 BM) and PC 71 BM were from Luminescence Technology Corp.
Synthesis
The DPP-based oligomer was synthesized via the DACH reaction as shown in scheme 1. The starting materials, 6-bis(4-bromophenyl)-2,5-bis(2-ethylhexyl)pyrrolo [3,4-c] pyrrole-1,4(2H,5H)-dione (DPP(PhBr) 2 ) and 2,5-bis(2-ethylhexyl)-3-(5-phenylthiophen-2-yl)-6-(thiophen-2-yl) pyrrolo [3,4-c] pyrrole-1,4(2H,5H)-dione (ThDPPThPh2), were synthesized according to our previous report [45] . The designed oligomer has three DPP cores, four benzene rings and four thiophene rings, and thus was named as Ph 4 Th 4 (DPP) 3 accordingly. The details of synthesis and characterization for Ph 4 Th 4 (DPP) 3 can be found in our previous report [37] .
Fabrication and characterization of field-effect transistors
A heavily doped silicon wafer was used as the gate electrode and substrate, with a 300 nm thermal oxidation SiO 2 layer as a gate insulator that was modified by octadecyltrimethoxysilane (OTMS) [46] . The Ph 4 Th 4 (DPP) 3 films was cast from chloroform solution and annealed at 130 • C for 10 min.
Field-effect transistors (FETs) were constructed in a bottomgated configuration by depositing top-contact source and drain electrodes (80 nm Au), with a channel length of 50 µm and width of 1 mm. Current-voltage characteristics of the devices were measured in air using a Agilent 4155C semiconductor parameter analyser. The measured capacitance of the OTMS-covered SiO 2 /Si substrates was 10 nF cm −2 , and this value was used for mobility calculation [46] .
Fabrication and characterization of photovoltaic cells
Solar cells were fabricated on glass substrates commercially pre-coated with a layer of indium tin oxide (ITO). Prior to fabrication, the substrates were cleaned using detergent, deionized water, acetone, and isopropanol consecutively every 15 min, and then treated in an ultraviolet ozone generator for 15 min before being spin-coated with a layer of 35 nm PEDOT:PSS. After baking the PEDOT:PSS in air at 140 • C for 15 min, the substrates were transferred to a glovebox. The BHJ layer was spin-cast from a solution of Ph 4 Th 4 (DPP) 3 and PC 61 BM or PC 71 BM in dichlorobenzene, with or without 2% (v/v) diiodooctane (DIO) at different concentrations. The thickness of the active layer was tuned by adjusting the concentration of the solutions and the spin-coating speed. The thickness was measured using atomic force microscopy (AFM). Then the samples were loaded into a vacuum deposition chamber (background pressure ≈ 5 × 10 −4 Pa) to deposit a 0.6 nm thick LiF and 120 nm thick aluminum cathode with a shadow mask (device area of 4 mm 2 ).
The current-voltage (I-V) curves were measured with Keithley 2400 measurement source units at room temperature in air. The photocurrent was measured under a calibrated solar simulator (Abet 300 W) at 100 mW cm −2 , and the light intensity was calibrated with a standard silicon photovoltaic reference cell. The external quantum efficiency (EQE) spectrum was measured with a Stanford lock-in amplifier 8300 unit.
The absorption spectra of the films were recorded on a UV-visible spectrophotometer (UV-2450, Shimadzu Corporation, Japan). The morphology study of the blend films was performed on a Veeco Multimode atomic force microscope in the tapping mode. The hole mobility of the blend films was measured using the space-charge-limited current (SCLC) method [26, 47] . However, in the blend devices, the presence of Ohmic contacts at both interfaces could lead to a SCLC that is a combination of both hole and electron currents. Therefore, in order to measure the SCLC of one type of charge carrier, the other one must be suppressed by a large injection barrier, resulting in a hole-only or electron-only diode device. In our work, hole-only devices were fabricated in a structure of ITO/PEDOT:PSS/Ph 4 Th 4 (DPP) 3 :PC 61 BM/MoO 3 (10 nm)/Al (100 nm), while electron-only devices were fabricated in a structure of Al(120 nm)/Ph 4 Th 4 (DPP) 3 :PC 61 BM/Al (100 nm). The device characteristics were extracted by modelling the dark current under forward bias using the SCLC expression described by the Mott-Gurney law.
Results and discussion
Optical, electrochemical and charge-transport properties
The optical and electrochemical properties of Ph 4 Th 4 (DPP) 3 were investigated first. The UV-vis spectrum shows a broad absorption band in the visible to near-infrared region for the Ph 4 Th 4 (DPP) 3 solution in CHCl 3 , with the absorption peak (λ max ) and onset (λ onset ) at 625 nm and 683 nm, respectively (figure 1). For the cast thin film, the absorption band-edge red-shifts to 726 nm, which corresponds to an optical bandgap (E opt g ) of 1.71 eV. The electrochemical properties of Ph 4 Th 4 (DPP) 3 were checked by cyclic voltammetry (CV) in our previous work [37] . The HOMO level calculated from the CV and the corresponding LUMO level estimated from the equation of E LUMO = E HOMO + E opt g [48] were −5.15 and −3.44 eV, respectively. The appropriate frontier orbit energy levels and the broad absorption make Ph 4 Th 4 (DPP) 3 a potential donor molecule for OSC applications.
Charge transport in pristine Ph 4 Th 4 (DPP) 3 films cast from chloroform was studied. FETs were fabricated, in a bottom-gate top-contact configuration, on OTMS-treated SiO 2 /Si substrates, and Au was deposited as the source and drain electrodes. The typical transfer and output curves are presented in figure 2 , exhibiting excellent gate modulation. From 13 devices, an average hole mobility of 0.0045 ± 0.0010 cm 2 V −1 s −1 , an on/off ratio of ∼10 4 , and threshold voltages between 15 and 43 V were achieved. The highest mobility we achieved was 0.006 cm 2 V −1 s −1 . Owing to the relatively high hole mobility, efficient charge transport in the solar cells is anticipated. Figure 4 shows the height and the corresponding phase images obtained by AFM for Ph 4 Th 4 (DPP) 3 :PC 61 BM blend films with different ratios. At the 1:1 blend ratio, isolated clusters were observed ( figure 4(a) ). As the ratio increased to 1:1.5, interpenetrating networks of donors and acceptors formed, providing not only interfaces for exciton dissociations but also percolation pathways for charge carrier transport to their respective electrodes, both of which are critical to enhance the device performance [49] . However, further increasing the PC 61 BM content resulted in larger domains where exciton dissociations were unfavourable.
Effect of donor-acceptor ratio on the performance of OSCs
In addition to the morphology, we further investigated the effect of donor-acceptor ratios on charge transport using the SCLC method. As shown in figure 5 and table 2, at low PC 61 BM content (1:1 and 1:1.5) the devices exhibit high carrier mobilities, but the hole and electron mobilities decreased sharply when further increasing the fullerene loading. We speculate that the increased PC 61 BM tends to aggregate into large domains and partly destroys the interpenetrating network for hole and electron transport. Morphology and charge transport are two critical factors determining the performance [50] [51] [52] . So, although a more balanced charge transport was obtained at higher PC 61 BM content, the large domain sizes of phase separation and the much lower hole and electron mobilities make the performance worse. The interplay between the effects of morphology and charge transport determines that the optimized donor-acceptor ratio is 1:1.5. Solvent additives are widely used to improve the performance of organic solar cells [49, 53] . On the basis of a 1:1.5 blend ratio, we examined the effect of additive DIO on OSC performance. When 2% v/v DIO was added into the parent dichlorobenzene solution, the best device yields PCE = 3.57%, with J sc = 7.18 mA cm −2 , V oc = 0.86 V and FF = 0.58. Also, solar cells processed with 2% v/v DIO exhibit a significant increase in photocurrent generation in the range from 615 to 800 nm, consistent with the absorption enhancement of the film cast from solution with DIO ( figure 3(b) ). The PCE increases by 74% after incorporating DIO when compared to the device without the additive, mainly due to the improved J sc and FF. AFM was used to investigate changes in the morphology with the addition of the processing additive DIO. The height and phase images are shown in figure 6 . At a ratio of 1:1.5 w/w, Ph 4 Th 4 (DPP) 3 :PC 61 BM blend film cast from pure solvent shows a domain size of 40-50 nm ( figure 4(f) ), whereas the film cast from the mixed solution with 2% v/v DIO shows a noticeable reduction of domain size (roughly 10-15 nm) ( figure 6(b) ). The smaller domains in devices with DIO additive allow a larger donor-acceptor interface area and hence more efficient generation of charge carriers, leading to a higher J sc .
Also we studied the changes of hole mobilities and electron mobilities with the additive by the SCLC method. The results showed that the addition of processing additive DIO enhanced the hole mobility from (1.82 ± 0.15) ×10 −5 cm 2 V −1 s −1 to (5.76 ± 0.55) ×10 −5 cm 2 V −1 s −1 , as well as the electron mobility from (1.88 ± 0.27) ×10 −4 cm 2 V −1 s −1 to (2.42 ± 0.20) ×10 −4 cm 2 V −1 s −1 , respectively ( figure 5, table 2 ). The higher carrier mobilities and the more balanced charge transport contributed to the higher J sc and FF after the addition of DIO additive.
We also studied the effect of different acceptors on the performance of OSCs. Due to the better absorption of PC 71 BM than PC 61 BM, we replaced the PC 61 BM with PC 71 BM. The PCE was further enhanced to 3.76%, with J sc = 8.00 mA cm −2 , V oc = 0.85 V, and FF = 0.55. A clear additional contribution arising from PC 71 BM in the range of 400-600 nm results in an additional peak of the photocurrent spectrum at around 470 nm, which accounts for the higher J sc of the device based on the Ph 4 Th 4 (DPP) 3 :PC 71 BM blend active layer (1:1.5 w/w) (figure 7). Due to the relatively high hole mobility of Ph 4 Th 4 (DPP) 3 , which may support a thicker film, we tried to study the thickness dependent performance based on a Ph 4 Th 4 (DPP) 3 :PC 71 BM blend active layer. Three devices with different thicknesses (60, 90, 120 nm) of the active layer were fabricated and their photovoltaic performance was compared (see table 1). We found that the optimized thickness is 90 nm because the thicker film (120 nm) increases the bimolecular recombination and thus decreases J sc and FF [1, 5] , while the thinner film (60 nm) results in inefficient absorption and thus a lower J sc .
Conclusion
In summary, a DACH-derived DPP-based molecule containing three DPP cores was used for solution-processed small molecule based BHJ OSC devices. Ph 4 Th 4 (DPP) 3 has a abroad absorption extending to the near-infrared region, a relatively higher hole mobility, and suitable energy levels matched with PC 61 BM/PC 71 BM. A PCE of 3.76% was achieved for OSC based on a Ph 4 Th 4 (DPP) 3 :PC 71 BM blend active layer, indicating DACH is an effective way to produce π -conjugated materials for OSC applications. Studies on more DACH-derived DPP-based or other functional materials for device performance are in progress.
